INTRODUCTION
A key role of protozooplankton in the degradation of copepod fecal pellets has been indicated in recent studies. Large protozooplankton (dinoflagellates and ciliates > 20 µm) were key degraders of copepod fecal pellets in a study of fecal pellet degradation by a plankton community collected in Øresund (Denmark) (Poulsen & Iversen 2008) . Microplankton < 200 µm were the main degraders of copepod fecal pellets in a field study in the North Sea (Poulsen & Kiørboe 2006) , and Kiørboe (2003) found high pellet clearance rates of the heterotrophic dinoflagellate Noctiluca scintillans in an upwelling plume off the coast of Brazil (600 ml cell
). Existing evidence is based on pellet degradation by the size fractions of protozooplankton (dinoflagellates and ciliates) in natural plankton communities and from linear regression linking dinoflagellate concentration and pellet degradation. Also, copepod fecal pellets were observed in food vacuoles of Noctiluca scintillans (Kiørboe 2003) . To date no data on pellet grazing rates of heterotrophic dinoflagellates exists from controlled laboratory studies. Among the protist plankton, most ciliates tend to be filter feeders and feed on very small particles in the plankton (the nano size fraction, 2 to 20 µm). Heterotrophic and mixotrophic dinoflagellates are raptorial feeders and have a much wider range for particle capture and ingestion (3 to 400 µm cell length; Hansen et al. 1994 , Hansen & Calado 1999 , Jeong 1999 . This is possible in part because dinoflagellates vary greatly in size and because they have evolved different feeding mechanisms, including direct engulfment, pallium-feeding, and peduncle-feeding (tube-feeding) (Hansen & Calado 1999 , Jeong 1999 . The prey-to-dinoflagellate size ratio depends on the feeding mechanism employed by the dinoflagellate. Pallium-and peduncle-feeders are able to feed at higher prey-to-predator size ratios (>10:1) than direct engulfment feeders (5:1) (Jacobson & Anderson 1986 , Hansen et al. 1994 , Hansen & Calado 1999 , Berge et al. 2008 . Very large fecal pellets (> 400 µm), likely, pose a problem for most phagotrophic dinoflagellates, either due to the size of the pellet or the number of dinoflagellates needed to remove a significant part of the pellet (pallium-and peduncle-feeders). This fits well with observations from in situ studies showing the lowest degradation rates and highest sedimentation rates for the largest copepod fecal pellets (Turner 2002 , Poulsen & Kiørboe 2006 .
Prey detection by dinoflagellates is not well understood. Hydromechanical sensing has not been reported to play a role in prey capture by dinoflagellates. However, chemoattraction has been shown to play a vital role in the particle capture of several different species of dinoflagellates (both heterotrophic and mixotrophic) (Spero 1985 , Schnepf & Drebes 1986 , Calado & Moestrup 1997 , Hansen & Calado 1999 , Breckels et al. 2011 .
Fecal pellets constitute an important carbon pool in the sea, since copepods occur ubiquitously and in large numbers, constituting up to 80% of the mesozooplankton biomass in the world's oceans (Humes 1994 , Mauchline 1998 . Fecal pellets vary in size from small pellets produced by nauplii and copepodites to large pellets produced by calanoid copepods (20 to 600 µm in pellet length) (Turner 2002) . Correspondingly, sinking rates vary greatly from 2 to 200 m d −1 and are determined by pellet size and composition (Komar et al. 1981 , Turner 2002 ). Pellet sinking rates from a field copepod community dominated by small copepods (including Acartia tonsa) were 2 to 25 m d −1 (Poulsen & Kiørboe 2006) . Furthermore, sinking rates (mean ± SD) from laboratory studies of pellets similar to the ones used in this study (produced by A. tonsa on Rhodomonas salina) were 35 ± 29 m d −1 (Ploug et al. 2008) . The food quality of a copepod fecal pellet is highly variable depending on the food source, food concentration, pellet production rate, and gut assimilation efficiency of the copepod (Hansen et al. 1996) . Pellets, produced under bloom-conditions, are produced with high gut evacuation rates (Hansen et al. 1996) , and the content is consequently not digested to the same degree as pellets produced under food-limited conditions. Fecal pellets may even contain intact and viable phytoplankton cells (Wotton 1994 , Dubischar & Bathmann 2002 , thus representing high quality food particles for phagotrophic dinoflagellates.
Field evidence of detritivorous feeding by dinoflagellates alters our conventional view of energy flow and carbon cycling in marine planktonic food webs. Recycling of fecal pellet material directly through protozooplankton reduces total respiration losses compared to the microbial loop, as fewer trophic levels are passed in the recycling process (Azam et al. 1983) . However, direct proof of pellet feeding by dinoflagellates has to our knowledge not been published prior to this study.
The aim of this study was therefore to obtain evidence of pellet feeding by dinoflagellates through visual observation and grazing experiments, and to study governing factors for this behavior.
MATERIALS AND METHODS

Cultures
Cultures were kept in a walk-in temperature regulated room at 18 ± 1°C following a light:dark cycle of 16:8 h (Table 1) . Mixotrophic dinoflagellates and food alga were kept in seawater based f/20 medium (Guillard 1975) ). Heterotrophic dinoflagellates were kept on a plankton wheel (1 rpm), in sterilized 0.2 µm filtered seawater (FSW, 30 ‰) , and in dim light (0.2 µmol E m −2 s −1 ) to control prey growth. Heterotrophic dinoflagellates were isolated from Helsingør harbour, Denmark by L. K. Poulsen (except Diplopsalis lenticula, Table 1 ). For salinity and temperature conditions for each dinoflagellate species in the stock culture see Table 3 .
Visual observation of pellet feeding
Observation of pellet feeding was conducted by offering 7 dinoflagellate species (Table 1) fresh (< 30 min old) fecal pellets produced as described for pellet grazing and growth experiments (see below). Photographs were frame grabbed with VirtualDub 1.8.5 and represent live dinoflagellate cells feeding on copepod fecal pellets or fragments of pellets (see Figs. 1 & 3) .
Behavioral experiments
The feeding behavior of 2 mixo trophic (Karlodinium armiger, a gymno dinoid dinoflagellate, Gy1) and 1 heterotrophic species (Gyrodinium dominans) towards freshly produced copepod fecal pellets was investigated (1 replicate). These species were chosen since pilot studies had shown that they represented 3 different responses to pellets and pellet age. Heterotrophic dinoflagellates were used for experimentation when the food organisms were depleted to exclude other food organisms from pellet grazing experiments (starvation <1 d). Karlodinium armiger was kept without food for 1 wk prior to experimentation. Gy1 was grown in light without food (Table 1) . Pellets used in this experiment came from 2 to 5 Acartia tonsa females placed in a 17 ml multi-dish well (6 wells) filled with 0.2 µm filtered f/20 medium and fed saturating concentrations of Rho do monas salina. The females were allowed to feed for >1 h before pellet production to ensure acclimation to high food concentrations and production of uniform pellets. A pellet was collected immediately after egestion and washed by transferring the pellet into a new well filled with 0.2 µm filtered f/20 medium, the same medium used for culturing of the dinoflagellates. Recording was commenced within 5 to 15 min of pellet egestion. Pellet age at recording start was therefore between 5 and 15 min. Behavior experiments were performed at 15 ± 1°C and the dinoflagellates were acclimated to this temperature > 24 h prior to experimentation. Dinoflagellate behavior was filmed in a 17 ml multi-dish well placed under an inverted microscope (Olympus CK2) at 4 × magnification (front lens). Start and end concentrations (after 48 h of in cubation) are presented in Table 2 . Recording was conducted with an infrared (IR) digital video camera (uEye 1540-C, IDS Imaging). The feeding behavior of the 3 dinoflagellate species towards a copepod fecal pellet was recorded in low light (cool white, ~15 µmol E m −2 s −1
) to minimize heating of the water. The fecal pellet was kept in focus during recording, and care was taken not to disturb the multi-dish and the water mass around the pellet.
Dinoflagellate feeding behaviors were quantified and analyzed in time intervals of 2 min during the ) in the behavior experiments. The dinoflagellates were allowed to feed on 1 fecal pellet for 48 h. The fecal pellet was produced on Rhodomonas salina by female Acartia tonsa copepods. na: not available first 142 min and then for 30 min after 24 and after 48 h of incubation (total time analyzed was 112 min). Three types of dinoflagellate behavior were defined, analyzed and quantified: physical encounters, avoidance, and feeding attempts. A physical encounter was observed when a dinoflagellate cell came in direct physical contact with the surface of the pellet. The avoidance response for all 3 dinoflagellate species was observed as an immediate decrease in swimming speed or cessation of swimming upon detection of the signal from the pellet, followed by a change in swimming direction (tumble) away from the pellet at an angle of > 90° to < 270°, succeeded by normal swimming (Jennings 1906 , Tamar 1965 , Jakobsen et al. 2006 ). Turns of < 90° could be random and not a direct avoidance reaction to the pellet signal. Observation of feeding was called a feeding attempt since we could not distinguish between an attempt and actual feeding at the low magnification needed to observe detection distance and behavior towards the pellet. A feeding attempt for Karlodinium armiger and Gy1 was observed when a cell remained in physical contact with the pellet in the same position for at least 6 s, often accompanied by a rocking back and forth by the cell. Physical encounters lasted < 4 s. A feeding attempt for Gyrodinium dominans was observed when a G. dominans cell attached itself to the pellet surface by a filament. Direct engulfment was not observed by G. dominans in this experiment. All 3 species were able to detect the cue from the pellet at some distance, defined in this study as detection distance; the distance (in µm) from the fecal pellet where a recognizable change in the swimming behavior of a dinoflagellate swimming towards the pellet was observed. Dinoflagellates swimming in normal cruise mode and entering from the periphery of the field of view were followed towards the pellet. Detection resulted in an abrupt decrease in swimming speed or a short pause in swimming, after which the dinoflagellate would begin circling to locate the cue (attraction) or reverse its swimming direction (avoidance).
Swimming tracks were made by analysing video recordings frame by frame (1 frame = 0.07 s), 1 dot representing a time interval of 0.2 s (see Fig. 4 ). The tracks were made from the recordings in the time interval of 6 to 8 min for the 3 species (see Fig. 2 , 7 minute time interval). Only cells moving from the periphery of the view field and in the plane of the bottom of the well were used in the analysis, which therefore limited the number of tracks.
Pellet grazing and growth experiments
Grazing experiments on copepod fecal pellets were carried out on 2 mixotrophic (Karlodinium armiger, a gymnodinoid dinoflagellate, Gy1) and 3 heterotrophic species (Gyrodinium dominans, G. spirale, Protoperidinium depressum) with constant pellet concentration and varying dinoflagellate con centration (4 species with 5 densities each in triplicate; and 1 species (P. depressum) with 1 density in triplicate). These species were chosen to represent both heterotrophic and mixotrophic dinoflagellates and small (< 20 µm) and large (> 20 µm) dinoflagellates. Furthermore, field experiments had indicated that G. spirale and P. depressum were important grazers of copepod fecal pellets (Poulsen & Iversen 2008) . All fecal pellets were based on Rhodomonas salina as prey for the copepods. Experimental conditions are listed in Table 3 and were similar to stock culture conditions with the exception of irradiance for the 2 mixo trophic species. Irradiance was kept lower in the stock culture of K. armiger to control the food organism (R. salina). All dinoflagellates were acclimated to experimental light, temperature and salinity conditions for >1 wk prior to experimentation. Exponentially growing cultures of the 3 heterotrophic dinoflagellate species were used for experimentation when the food organisms were depleted to exclude other food organisms from pellet grazing experiments (starvation <1 d). K. armiger was kept without food for 1 wk prior to experimentation. Gy1 was grown in light without food. Experimental concentrations of dinoflagellates and fecal pellets were chosen based on reported data on natural abundances in coastal waters (Hansen 1992 , Poulsen & Kiørboe 2006 , Gribble et al. 2007 .
A grazing experiment with 2 food treatments was conducted with the heterotrophic dinoflagellate Protoperidinium depressum specifically to investigate the importance of the fecal pellet food source for dinoflagellate grazing and growth. The 2 food treatments were pellets produced on Rhodomonas salina (a cryptophyte) or Ditylum brightwellii (a diatom). The treatments were incubated in parallel under the same conditions with P. depressum from the same stock culture. The 2 pellet types were produced as described below. Each treatment was conducted with only 1 P. depressum concentration and 1 pellet concentration (triplicate, n = 3) (Table 3) .
Copepod fecal pellets were produced by adult Acartia tonsa feeding on Rhodomas salina at saturating food concentrations (> 713 µg C l −1 ; Kiørboe et al. 1985 ) for 18 to 20 h, except for the Gyrodinium spirale grazing experiment where the pellets were < 5 h old when used for experimentation. Adult A. tonsa were acclimated to high food concentrations of R. salina for >18 h before pellet production. After production the pellets were separated from the copepods by double filtration through a 180 µm mesh (upper mesh) and a 30 µm mesh (lower mesh). The pellet sample concentrated in the 30 µm mesh was kept water covered (to minimize disruption) and gently washed in FSW to remove phytoplankton. The pellets were diluted in the growth medium of the experimental dinoflagellate, to ensure that the dinoflagellate was acclimated to the medium, and then offered immediately to the dinoflagellates. Pellet production time, separation and dilution resulted in pellet ages at the start of incubation of between 20 min and 20 h. Different size ranges of pellets for experimentation were obtained by double filtration using different mesh sizes (50 and 15 µm double mesh for G. dominans and 200 and 30 µm for the Protoperidinium depressum grazing experiment).
After incubation, grazing experiments were fixed with acidic Lugol's solution (final concentration 2%) added directly into the experimental scintillation vials (25 ml) or tissue culture bottles (60 ml). Pellet fragments were counted as half a pellet and average volume was calculated from measurements of length and width of at least 30 pellets per bottle, when possible. Ingestion and clearance rates were calculated as described in Jakobsen & Hansen (1997) . Only incubations with a pellet loss of between 10 and 50% (after subtraction of the bacterial degradation in control bottles) were used to calculate the average clearance, ingestion and growth rates.
Statistical analysis
The differences in clearance and ingestion of Proto peridinium depressum on copepod fecal pellets produced on either a diatom Ditylum brightwellii or a cryptophyte Rhodomonas salina were compared using a Student s t-test. The grazing rates obtained in grazing experiments with Gyrodinium dominans, G. spirale, Gy1, Karlodinium armiger and Protoperidinium depressum were tested by comparing pellet concentration in the controls and incubations, using a Student s t-test. Whether the growth rates obtained in the grazing experiments for P. depressum (R. salina, n = 3; and D. brightwellii-based pellets, n = 3) and G. spirale (R. salina pellets, n = 5) were statistically significantly different from 0 was tested by calculating the t-value and df for each experiment and comparing this with a t-distribution table at the significance level of α = 0.05. The responses of attraction (= physical encounters + feeding attempts) and avoidance were tested for departure from random behavior (= 1:1 ratio) using a χ 2 test with Yates correction for continuity.
RESULTS
Visual observation of pellet feeding by dinoflagellates
The 2 mixotrophic dinoflagellates (Karlodinium armiger and a gymnodinoid dinoflagellate, Gy1) and all 4 heterotrophic dinoflagellates (Diplopsalis lenticula, Gyrodinium dominans, G. spirale and Protoperidinium depressum) were observed to feed on Rhodomonas salina-based fecal pellets produced by Fig. 1 ). D. lenticula and P. depressum are pallium feeders, and enveloped intact fecal pellets with a pallium outside the dinoflagellate theca. The 4 heterotrophic dinoflagellates attached to the fecal pellet by an attachment filament (also called a tow filament), and were observed to swim with the fecal pellet attached to them or in a food vacuole. K. armiger and Gy1 also used an attachment filament, but were unable to swim with the pellet due to their small size. Thus, dinoflagellate size and feeding mechanism appear to be important factors for their ability to ingest intact pellets. Furthermore, large dinoflagellates are able to swim with the attached fecal pellets during feeding, thus counter-acting the high sinking rates of copepod fecal pellets. 
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Detection distance (µm) C Fig. 2 . Behavior of (A) Karlodinium armiger, (B) an unidentified gymnodinoid dinoflagellate (Gy1), and (C) Gyrodinium dominans towards copepod fecal pellets. Three types of dinoflagellate behavior were defined, analyzed and quantified in time intervals of 2 min: physical encounters, avoidance, feeding attempts. Detection distance (note different scaling) was the distance from the pellet surface from which the dinoflagellate visibly detected the chemical cue from the pellet. The x-axis is the average minute number in the time interval. Total analyzed time was 112 min. The number of observations is represented as the average observations per minute to obtain encounter rate
Chemical sensing of pellets by dinoflagellates
Three types of dinoflagellate behavior were defined, analyzed and quantified: physical encounters, avoidance, and feeding attempts. The selected dinoflagellates for this detailed study of feeding behavior, Gyrodinium dominans, Karlodinium armiger, and Gy1 all showed a significant response of either attraction or avoidance to the chemical cue leaking from the copepod fecal pellets (Figs. 2 & 4) . K. armiger showed significant attraction (physical encounters + feeding attempts) towards the chemical Table 5 . Behavior experiment. The total number of pellet encounters, en counter rate (total encounters/average cell concentration), and % of total encounters that led to feeding attempts or avoidances, during the total 112 min analyzed. The number of encounters cell −1 of the unidentified gymnodinoid dinoflagellate (Gy1) could not be estimated due to lack of data (Table 2) cue of the pellet (c Most encounters were observed within the first hour of recording (Fig. 2) . Feeding attempts were observed for all 3 species, but were rare for G. dominans and Gy1 (0 and 0.3%) . Both species and particularly Gy1 had a significant avoidance response towards the pellet (53 and 75%) (Fig. 2 , Table 5 ). However, a feeding response of G. dominans was observed while the freshly added pellet was sinking towards the bottom. More than 6 G. dominans cells attached themselves to the intact pellet, dragging it around in the multi dish delaying recording start. After 3 to 5 min the feeding response ceased, the filaments towing the pellet were retracted, and the pellet was allowed to settle on the bottom. Analysis during the next 48 h of incubation showed that no feeding attempts were made despite the high pellet encounters per G. dominans cell (Table 5) . Thus, G. dominans has a feeding response only towards freshly egested pellet (< 20 min old). Contrasting this, 73% of the total encounters resulted in feeding attempts for K. armiger. Most feeding attempts were observed within the first hour of recording and decreased over time. This demonstrated that the age or rather the quality of the chemical cue from the pellet is very important for the feeding response of dinoflagellates such as G. dominans, whereas K. armiger fed throughout the experiment.
The propagation of the chemical cue was determined indirectly by the detection distance of the dinoflagellates. The detection distance in creased after incubation start and reached a maximum after 4 to 8 min. Thereafter, detection distance de creased slowly or stayed constant during the following 48 h of incubation (Fig. 2) . The maximum average detection distance of the dinoflagellates was 145 ± 13 µm for Karlodinium armiger, 110 ± 11 µm for Gy1, and 366 ± 33 µm for Gyrodinium dominans (average for 2 min time intervals ± SE, Fig. 2) .
Growth was observed for Karlodinium armiger after the 48 h of incubation, and only in the behavior experiment with K. armiger was a significant re moval of pellet material observed (Fig. 3A-C) . Removal of pellet material was not observed for Gy1 since the pellet was still basically intact and would be counted as 1 pellet. The pellet in the experiment with Gyrodinium dominans remained intact and with an intact peritrophic membrane during the 48 h of filming. This indicates insignificant degradation by bacteria in the behavior experiments (Fig. 3D-F) .
Importance of dinoflagellate grazing on copepod fecal pellets
Using natural concentrations of dinoflagellates and copepod fecal pellets, average ingestion rates of 0.21 and 0.11 pellets cell −1 d −1 and clearance rates of 0.21 and 0.32 ml cell −1 d −1 were obtained for Gyrodinium spirale and Protoperidinium depressum, respectively, when fed with Rhodomonas salinabased fecal pellets produced by adult Acartia tonsa (Table 6 ). Feeding on the pellets led to average growth rates of 0.69 and 0.08 d −1 , for G. spirale and P. depressum, respectively (Table 6 ). However, only the growth rate obtained for G. spirale was signifi- cantly different from 0 (t-distribution, p < 0.001). In the experiment where P. depressum was offered both R. salina and Ditylum brightwellii-based pellets, there was no significant difference between the clearance and ingestion rates obtained on the 2 types of pellets (t-test, p > 0.05), and the growth rates were not significantly different from 0 (t-distribution, p > 0.05). Thus, fecal pellets do provide G. spirale and P. depressum with an alternative food source, which can support growth for G. spirale and maintain the metabolism for P. depressum. There was no indication of selectivity be tween the 2 fecal pellet types offered to P. de pressum. Significant grazing rates were not obtained for the smaller dinoflagellates Gyrodinium dominans, Karlodinium armiger and Gy1 (t-test, p > 0.05) when offered adult Acartia tonsa fecal pellets at low natural cell concentrations of these dinoflagellates (2 to 1000 cells ml −1 ). K. armiger, nevertheless, grazed significantly on a R. salina pellet in the behavior experiment when present in higher cell concentrations (3400 to 4700 cells ml −1 , Fig. 3A-C) , illustrating that the impact of pellet degradation by dinoflagellates is dependent on the concentration of the dinoflagellates.
DISCUSSION
Dinoflagellate feeding on copepod fecal pellets
The food sources of mixotrophic and heterotrophic dinoflagellates are generally believed to be other protists (e.g. Jeong 1999 , Hansen & Calado 1999 , although a couple of studies have shown that some species are able to feed on copepod eggs, nauplii (Kimor 1979 , Jeong 1994 , and even on live fish (Vogelbein et al. 2002) . Here, we document for the first time in the laboratory that a number of phagotrophic dinoflagellates, which are common in the marine plankton, exploit copepod fecal pellets as a source of food. Their 3 main food-uptake mechanisms allow ingestion of fecal pellets: pallium-feeding, peduncle (tube)-feeding and direct engulfment. While we found no sign of fecal pellet size limitation in either pallium-feeders or peduncle-feeders, the smallest species that fed using direct engulfment (Gyrodinium dominans) could not engulf intact Acartia tonsa fecal pellets, relying instead on fragments, indicating that this species mainly ingests pellets ≤40 µm.
Feeding behavior and important factors for pellet grazing by dinoflagellates
The investigated dinoflagellate species did not respond in the same way to the pellets although all of the species were able to detect the chemical cue leaking from the pellet. Diplopsalis lenticula, Gyrodinium dominans, Gyrodinium spirale, Karlodinium armiger, the gymnodinoid dinoflagellate (Gy1), and Protoperidinium depressum were attracted by the cue and were all observed to feed on the pellets or attempt feeding (Gy1) ( Table 4) . Although Dinophysis acuminata reacted to the chemical cue from Rhodomonas salina-based fecal pellets, no feeding response could be detected towards the pellet. This may be due to a number of factors. Dinophysis does not feed on R. salina, and this likely explains the lack of a feeding response to R. salina-based fecal pellets. Table 6 . Gyrodinium spirale and Protoperidinium depressum grazing experiments. Rates of clearance, ingestion and growth (average ± SE) from 3 grazing experiments offering G. spirale pellets produced on Rhodomonas salina, and P. depressum pellets produced on R. salina or Ditylum brightwelli. Only incubations with a pellet loss of 10 to 50% were used to calculate the average rates. No. replicates = number of incubations meeting this condition. Two P. depressum experiments were conducted in parallel with 1 concentration of P. depressum and pellets (triplicate). The G. spirale experiment was conducted with constant pellet concentration and 5 different G. spirale concentrations (triplicate). Clearance and ingestion rates were calculated from average pellet concentration according to Jakobsen & Hansen (1997) . Average pellet volumes were 14.7 ± 8.3 × 10 4 µm 3 pellet −1 in the P. depressum experiments and 5.8 ± 1.3 × 10 4 µm 3 pellet −1 in the G. spirale experiment been kept on the photosynthetic ciliate Mesodinium rubrum as prey (e.g. Park et al. 2006 , Riisgaard & Hansen 2009 ). To what extent D. acuminata relies on other food organisms is unknown at present. Thus, we cannot exclude that this species feeds on fecal pellets produced by copepods feeding on other organisms that better match the food preferences of this species (i.e. M. rubrum-based pellets). Pellet age was important for the feeding response of the dinoflagellates towards pellets. The chemical cue from a pellet weakens with time (age), as the limited content of dissolved organic matter (DOM) rapidly diffuses from the pellet and is diluted by the surrounding water. In addition, bacterial degradation modifies the cue. Copepod fecal pellets rapidly leak DOM (Møller et al. 2003 , with a large part of the DOM content being released or leaked within the first 5 min of egestion (Jumars et al. 1989) . Rapid leakage of DOM from the pellets was also indicated in this study, where detection distance reached its maximum within 6 to 10 min of the start of the experiment. The signal from the pellet is therefore strongest and can be detected at maximum distance within 10 to 15 min of egestion. Old pellets (50 min to 2 d old, handling time + recording time) induced fewer feeding attempts than fresh pellets for all pellet-feeding dinoflagellates, indicating selection for the freshest pellets of higher food quality. In addition, the chemical cue from fresh pellets more closely resembles the signal from the live algal food source compared to older pellets. The majority of the pellets offered in the grazing experiments were >1 hr old at the start of incubation (20 min to 20 h) and, likely, did not induce a feeding response in the dino flagellate species investigated in this study. It follows that the clearance-, ingestion-and degradation rates obtained in this study must be underestimated, compared to grazing in the field where fresh pellets are produced continuously. Pellet age, and thus the composition and strength of the chemical cue, is therefore an important factor for pellet feeding behavior in dinoflagellates.
Importance of dinoflagellate grazing on copepod fecal pellets
Although we observed feeding in 6 out of the 7 dinoflagellate species tested, we were only able to get significant grazing rates from Gyrodinium spirale and Protoperidinium depressum. The main reason for this is, of course, the selected dinoflagellate concentrations as well as pellet concentrations. We deliberately chose dinoflagellate and pellet concentrations of each species that were within the range found in nature. The observed clearance rates for fecal pellets based on Rhodomonas salina were 0.21 ± 0.04 and 0.32 ± 0.12 ml cell −1 d −1 (average ± SE) for G. spirale and P. depressum, respectively. A field experiment, with pellets of the same type, and produced with the same method as in this study recorded a clearance rate of G. spirale of the same magnitude (0.95 ml cell −1 d −1 ) as that observed here (Poulsen & Iversen 2008) . However, our clearance rates are much higher than previously measured in the laboratory with the dinoflagellate Heterocapsa triquetra as prey (0.007 ml cell Hansen 1992) . No grazing data are available for P. depressum from either laboratory or field experiments. However, reported clearance rates of other pallium-feeding dinoflagellates (i.e. Protoperidinium spp. and Diplopsalis lenticula) lie in the range of 0.011 to 0.065 ml cell −1 d −1 (Jacobson & Anderson 1993 , Jeong & Latz 1994 , Naustvoll 1998 . Thus, the measured clearance of P. depressum on copepod fecal pellets is comparatively high. These discrepancies between clearance rates on fecal pellets compared to clearance rates on other algae are probably due to several things. The low clearance rates of G. spirale on H. triquetra is likely due to high prey concentrations used in these experiments and the fact that H. triquetra is a suboptimally sized prey (equivalent spherical diameter [ESD] = 15.8 µm). Apart from size, chemical detection of prey particles may also play an important role. Freshly produced fecal pellets are large particles, densely packed with more or less degraded algal material and a larger content of DOM compared to smaller algae. The chemical signal from fresh pellets is therefore stronger and can be detected at greater distances from the pellet than a single, live algal cell.
The small Gyrodinium dominans (20 to 30 µm cell length) was able to detect a pellet at maximum distances of 366 ± 33 µm, which is 13 times its cell length. The detection distances measured in this study are not representative of those found in the field, but demonstrate the response of dinoflagellates to the cue leaking from the pellet. A pellet lying on the bottom of a Petri dish in a laboratory study emits a dome shaped chemical cue, whereas a sinking pellet in the field emits a flame shaped trail (Kiørboe & Thygesen 2001 , Kiørboe & Jackson 2001 . In conclusion, the high pellet clearance rates of G. spirale and Protoperidinium depressum compared to clearance rates from other laboratory studies may be explained by the large size of the pellets, the strong chemical signal released by the pellet, by the higher prey concentrations used in other studies, and perhaps by suboptimal prey items.
Fecal pellet degradation rates obtained in this study were high and within the range found in field studies for similar pellets (Poulsen & Iversen 2008) , and for in situ pellets (Poulsen & Kiørboe 2006) . Natural cell concentrations of heterotrophic dinoflagellates (> 20 µm) may be as high as 25 cells ml −1 during blooms in coastal, temperate waters (Hansen 1991, P. J. Hansen unpubl. data . This is in accordance with reported maximum pellet degradation rates of 2.5 to 13 d −1 from field studies (Kiørboe 2003 , Poulsen & Kiørboe 2006 , Poulsen & Iversen 2008 . Pellet degradation rates in these field studies were indicated to be caused mainly by protozooplankton or organisms < 200 µm. In the field mainly small to medium sized pellets (≤300 µm in length) are degraded within the water column (Turner 2002 , Poulsen & Kiørboe 2006 . Pellets of this size generally sink at rates of <100 m d −1 and Acartia tonsa pellets sink at rates of 2 to 84 m d −1 (Poulsen & Kiørboe 2006 , Ploug et al. 2008 ). These sinking rates correspond to reported swimming rates for both heterotrophic and mixotrophic dinoflagellates (4 to 138 m d −1 , Kamykowski & McCollum 1986 , Levan dowsky & Kaneta 1987 , Buskey 1997 . Dinoflagellates are therefore able to en counter, capture and degrade small to medium sized fecal pellets but are, likely, limited by the size and sinking rates of very large copepod fecal pellets (sizes > 400 µm, sinking rates >100 m d −1
). In conclusion, this study shows that heterotrophic dinoflagellates alone can account for observed pellet degradation rates in field studies. This is despite the fact that the grazing rates presented here are underestimated, due to the suboptimal age of the pellets offered in the grazing experiments. However, further investigation is needed.
In this study, growth was observed for Gyrodinium spirale and Karlodinium armiger feeding on Rhodomonas salina-based fecal pellets, and Protoperidinium depressum was able to maintain its metabolism on both R. salina and Ditylum brightwelliibased pellets. G. spirale growth rates (0.69 d . This is equivalent to ingestion rates of ~1.2 to 2 × 10 4 µm 3 cell −1 d −1 (Table 6 ). Assuming cell volumes of 1 × 10 4 µm 3 for G. spirale and 1 × 10 5 µm 3 for P. depressum (P. J. Hansen unpubl. data), the calculated growth yield (defined as: µ × cell volume/ ingested volume) would be 0.58 and 0.50, respectively. Such growth yields are within the range found for heterotrophic dinoflagellates fed live algae . This indicates that the fecal pellets were of a high nutritional value and, furthermore, that the low growth rate of P. depressum on copepod pellets was most likely caused by a suboptimal pellet concentration in the grazing experiment.
This study also documented that mixotrophic dinoflagellates (i.e. Karlodinium armiger) have the ability to feed and grow on copepod fecal pellets. In our grazing and growth experiments, we used relatively low cell concentrations (100 to 400 cells ml −1 ), and we therefore did not get significant grazing rates on fecal pellets in the grazing experiment. However, in the behavior study most of the pellet was removed within 48 h at concentrations of 3400 to 4700 cells ml −1
. Thus, the concentration of small dinoflagellates has to be high in nature (e.g. blooms) to significantly impact pellet degradation rate within the water column, although this is of course also dependent on pellet size. Medium sized Acartia tonsa pellets were used in this study. This suggests that large phagotrophic dinoflagellates (> 20 µm) are the main degraders of copepod fecal pellets (Poulsen & Iversen 2008) . More research is required to explore and assess the importance of heterotrophic and mixotrophic dinoflagellates as degraders of copepod fecal pellets.
The ability of large heterotrophic dinoflagellates to supplement their diet with copepod fecal pellets gives these protists an added advantage when phytoplankton-prey is heterogeneous in time or space or the size composition is unsuitable. Pellet feeding could explain the observation of co-occurrence of large (> 20 µm) heterotrophic dinoflagellates in offshore tropical waters dominated by very small algae (in the pico fraction), which are unsuitable food items for these dinoflagellates (Nielsen et al. 2004) . Pellet feeding by dinoflagellates is, however, not limited to periods of prey limitation. Protozooplankton were observed to be the key degraders of pellets throughout the year, in a study of pellet degradation by an in situ plankton community, and maximum degradation rates were found during the spring bloom with the abundance of Gyrodinium spirale as a good predictor for the pellet degradation rate (Poulsen & Iversen 2008) . Pellet feeding is, therefore, a feeding behavior determined by the suitability of the chemical cue leaking from the pellet, and not the abundance of alternative phytoplankton prey. Co-occurring dinoflagellate and copepod communities in the field graze on the same plankton organisms, due to the ability of dinoflagellates to graze particles at high prey-to-dinoflagellate size ratios (Jacobson & Anderson 1986 , Hansen et al. 1994 , Hansen & Calado 1999 , Berge et al. 2008 . The fresh pellets encountered by a dinoflagellate in the field are therefore likely based on algae with a chemical cue, which induces a feeding response in the dinoflagellate. Thus, heterotrophic and mixotrophic dinoflagellates, which do not avoid the pellets, likely react to the chemical cue as with any other acceptable food source. A limiting factor for the response and grazing rates of the dinoflagellates may be the degree of digestion of the pellet by the copepod, which varies with food concentration and food source. Further investigation is needed to clarify this.
CONCLUSIONS
This study reveals a new trophic role for dinoflagellates as detritivores, and shows that large (> 20 µm) heterotrophic dinoflagellates alone can account for reported pellet degradation rates in field studies. The enigma of the rapidly disappearing pellets within the upper part of the water column can therefore be explained by dinoflagellate grazing, confirming that dinoflagellates can function as an effective 'protozoan filter' for fecal pellets in the water column (Poulsen & Iversen 2008) .
Important factors for copepod fecal pellet grazing by dinoflagellates are: (1) food source of the pellet; the food source must induce a feeding response in the dinoflagellates, (2) pellet age; old pellets (50 min to 2 d old) induced fewer feeding attempts than fresh pellets for all pellet feeding dinoflagellates, (3) the dinoflagellate-to-pellet size ratio in combination with the feeding mechanism employed by the dinoflagellate species; no sign of food particle size limitation was observed for either pallium-feeders or pedunclefeeders, however, direct-engulfment feeders were limited by their size and fed mainly on pellets < 6 times their own size (length), (4) dinoflagellate abundance; small dinoflagellates (< 20 µm) in particular have to be in high numbers (blooms) to obtain significant degradation rates of copepod fecal pellets, (5) avoidance behavior; dinoflagellates that respond to the chemical signal with avoidance will not impact pellet degradation significantly (Gy1). In the field the abundance of large (> 20 µm) dinoflagellates and the dinoflagellate-to-pellet size ratio will determine the grazing impact of dinoflagellates on copepod fecal pellets. Pellet age and pellet food source should not be a major problem, since the copepod community continuously produces fresh fecal pellets on the same plankton community that the dinoflagellates prey on. These results are based on laboratory studies and therefore more studies are needed to fully understand the determining factors for pellet degradation by dinoflagellates in the field. 
